ABSTRACT The millimeter-wave (mmWave) technology is one possible solution to addressing the explosive requirements for mobile data access on high-speed railways (HSRs). However, utilizing the mmWave technology on HSRs will result in large Doppler shifts, which should be estimated and compensated. Traditional Doppler shift estimators, such as the cyclic prefix (CP)-based estimator (CPBE), the twotraining-symbol-based estimator (TBE), and the best linear unbiased estimator (BLUE), have inferior estimation accuracy especially at low signal-to-noise ratio (SNR). In this paper, we, therefore, propose three new Doppler shift estimators for mmWave communication systems on HSRs: a radio environment map (REM)-based estimator (RBE) derived from the maximum a posteriori algorithm; an equally-divided structure-based estimator (ESBE) that divides the effective orthogonal frequency-division multiplexing symbol (OFDM) into multiple equal fragments; and an enhanced ESBE (EESBE) that takes the results of RBE as a priori knowledge. Simulation results show that these three algorithms outperform existing Doppler shift estimators in mmWave communication systems on HSRs.
I. INTRODUCTION
The last decade witnesses a rapid development of high-speed railways (HSRs) in China. HSRs impose strict requirements to wireless access and meanwhile there arouse explosive requirements for mobile data traffic from the passengers on HSRs [1] . Existing wireless access technology of the long term evolution for railway (LTE-R) cannot meet these challenges due to its limited frequency bandwidth up to 20 MHz.
One potential solution is the millimeter-wave (mmWave) technique, which exploits the frequency bands between 6 GHz and 60 GHz to provide multi-gigabit data rate broadband radio access [2] . It is also pointed out in [2] that the mmWave system with multiple-input multipleoutput (MIMO) technology [3] can achieve 7 Gbps throughput in HSR scenarios.
However, utilizing mmWave technology will generate large Doppler shift on HSRs. For instance, the Doppler shift can be as high as 10 4 Hz in the case of 30 GHz carrier frequency and the train speed of 360 kilometers per hour. Such a huge Doppler shift will result in time-varying channels and destroy the orthogonality between subcarriers in orthogonal frequency-division multiplexing (OFDM) systems [4] . Clearly, the Doppler shift should be estimated and compensated for mmWave communication systems on HSRs.
Several algorithms of Doppler shift estimation have been proposed in literatures [5] - [8] . van de Beek et al. [5] suggest a cyclic prefix (CP)-based estimator (CPBE) that harnesses the CP structure of OFDM symbols to obtain the maximum likelihood (ML) estimate of Doppler shifts. A twotraining-symbol-based estimator (TBE) is described in [6] , which jointly compensates time and frequency. The work [7] presents the best linear unbiased estimator (BLUE) requiring only one training symbol, which not only lowers the cost of training but also enhances the estimation accuracy. Recently, a maximum a posteriori estimator (MAPE) for wireless communication systems on HSRs is introduced in [8] , which utilizes the information of radio environment map (REM) as a priori knowledge. REM is a spatial-temporal database; it can offer various information such as the historical information about channel parameters [9] .
These estimators demonstrate good performance for traditional wireless systems with low carrier frequencies. However, as shown in our later simulation results, these estimators cannot work well in mmWave systems on HSRs due to the fast train speeds and the high carrier frequencies. Meanwhile, typical mmWave channels usually have strong line-of-sight (LoS) paths together with multiple independent non-LoS (NLoS) components, as presented in Fig. 1 , which further degrades the estimation performance of these estimators. Motivated by this, we therefore investigate Doppler shift estimation for mmWave communication systems on HSRs in this paper. We leverage the beamforming technique to separate various Doppler shifts from different LoS paths and propose three Doppler shift estimators. We also derive the corresponding Cramer-Rao lower bounds (CRLBs). Simulation results demonstrate that these algorithms are more suitable for mmWave communication systems on HSRs than CPBE, TBE, BLUE and MAPE.
The rest of this paper is organized as follows: Section II formulates the model of the wireless mmWave communication system on HSRs. Section III evaluates the time duration in which the Doppler shift can be approximated as a constant. Section IV proposes three Doppler shift estimators and derives the corresponding CRLBs. Section V provides simulation results and Section VI summarizes the paper.
Notations: vectors and matrices are boldface small and capital letters, respectively. (X) T , (X) H and (X) * denote the transposition, Hermitian and conjugate operations of matrix X, respectively; diag {x} is a diagonal matrix with the diagonal elements constructed from x; C and Z indicate the complex and integer sets, respectively; (·) and E{·} represent the real part of a complex number and statistical expectation, separately.
II. SYSTEM MODEL
Our system model is presented in Fig. 1 , where the base station (BS) with N 2 antennas transmits wireless signals to the train with N 1 onboard antennas over three scenarios: viaduct, urban and cutting [10] . Each scenario consists of three areas centred around BS with radii of 1∼3 m, 3∼86 m and 86∼572 m, respectively. We obtain the tapped delay line (TDL) parameters through the ray-tracing simulator [10] . Input parameters for the ray-tracing simulator are shown in Table 1 . Output parameters of the ray-tracing simulator, i.e., TDL parameters of three different areas in each HSR scenario, are provided in Table 2 . The values for delay and power in every tap are calculated compared to the tap 1. The Rician K -factor is the ratio between the power of LoS path and the power of NLoS paths.
Due to large penetration loss [11] in the mmWave channel, the train adopts the onboard mobile relay station (MRS) with uniform linear array (ULA) to enhance transmission reliability [2] .
A. DOPPLER SHIFT
A typical assumption for wireless channels on HSRs is that the Doppler shift mainly exists in the LoS paths [8] , [12] , which can also be seen from Table 2 that the K -factor is more than 10 dB from the BS to the train at 30 GHz. The Doppler shift between the bth BS antenna and the ath onboard antenna at the location x can be expressed as [13] f (ab)
where c is the speed of light, v represents the speed of the train, f c denotes the carrier frequency, and θ (ab) (x) is the angle of the LoS path between the bth BS antenna and the ath onboard antenna at the location x. Denote ε
a as the normalized Doppler shift from the bth BS antenna to the ath onboard antenna
where f is the subcarrier spacing. 
where d is the antenna element spacing, λ denotes the wavelength of carrier wave, and φ
is the angle of arrival of the lth path between the bth BS antenna and the ath onboard antenna.
Let N and L represent the number of samples of one effective OFDM symbol and the length of CP, respectively. The lth path of the wireless mmWave channel between the bth BS antenna and the ath onboard antenna is [14] 
where
and 
C. RECEIVED SIGNAL
The kth sample in the mth OFDM symbol at the ath onboard antenna can be written as (6) where s m (k) denotes the transmitted signal in the kth sample of the mth OFDM symbol, w 
is a multiple of the sample duration T s and d
III. TIME DURATION FOR APPROXIMATELY EQUAL DOPPLER SHIFTS IN mmWAVE COMMUNICATION SYSTEMS ON HSRs
In this section, we evaluate the time duration in which the Doppler shift can be approximated as a constant.
Denote n as the number of consecutive OFDM symbols that can have approximately equal Doppler shifts, and the corresponding time duration is T d = nT , where T = 1/ f is one OFDM symbol duration. Suppose f D1 is the practical range of the Doppler shifts in one OFDM symbol duration and f D2 is the acceptable Doppler shift error range, we have
Note that the rate of change for the Doppler shift is ∂f 
where t is time. We can further express the term cos θ (ab) (t) as [13] cos θ (ab) (t)
where D min is the track distance from BS to the railway, and D s /2 is the initial distance of train from BS [13] . We can also obtain
where α is the weighted factor set as 0.1,ε
a means the estimated value of ε (b) a , and ε
a is the estimation error of the normalized Doppler shift.
Substituting (8) and (10) into (7) produces 
, the subcarrier spacing f = 60 kHz, [2] , [15] , D s = 1000 m and D min = 50 m [13] . Besides, a slot contains 7 or 14 OFDM symbols [15] . It can be found that the time duration T d of n m consecutive OFDM symbols contains at least two slots.
Proposition 1: In mmWave communication systems on HSRs, the Doppler shift can remain approximately unchanged as an invariant in at least two consecutive slots.
IV. DOPPLER SHIFT ESTIMATORS
In this section, we propose three Doppler shift estimators for mmWave communication systems on HSRs: an REM-based estimator (RBE), an equally-divided structure-based estimator (ESBE) and an enhanced ESBE (EESBE). 
A. RBE
Define η = cos θ (ab) (x) for narrative clarity. When the train arrives at the location x, the estimated Doppler shift is written asε
where f c , v, c and f can be easily acquired with high accuracy,η is the estimated parameter by the maximum a posteriori (MAP) principle.
According to the Bayes' rule, MAP estimation for η at the location x is completed bŷ
where m i (1 ≤ i ≤ s) denote the samples of current independent identically distributed measurements for η, f (m i ) is the probability density function (PDF) of m i , g (m i | η) is the PDF in the condition that η is known and h (η) is the prior PDF of η whose historical information is provided through REM. According to [13] , the value of the variable m i is measured by
where s = vt is the distance by the train from the initial location.
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With the assumptions m i ∼ N (η, σ 2 m ) and η ∼ N (η 0 , σ 2 η ), the parameterη can be expressed aŝ
which can be further simplified aŝ
In (17), the parameters s, m i and σ 2 m can be obtained from current measurements, and η 0 and σ 2 η are historical parameters provided by REM at the location x. Therefore, the estimateη can be readily founded. Finally, the Doppler shift estimateε (b) a at the location x can be obtained by substituting (17) into (13) aŝ
Remark 1: The estimation performance of RBE mainly depends on the localization accuracy of trains, and is unrelated with the signal-to-noise ratio (SNR).
Remark 2: The REM will exploit the value ofη to refresh the mean η 0 and the variance σ 2 η stored in REM after estimating η, which is for next round Doppler shift estimate. Besides, the estimated Doppler shiftsε (b) a are able to be stored in REM as a priori knowledge for other Doppler shift estimators such as the EESBE, which will be introduced in section IV-C.
B. ESBE
Our proposed ESBE designs the OFDM training symbol as shown in Fig. 3 . The effective part of the training symbol (without CP) is divided into M (M > 1) identical fragments. Assume the mth received OFDM symbol is the training symbol.
Define
, which can be further written as
Clearly,
. Define
as the beamforming weight vector of the direction φ and Thus, we obtain
where d m (φ) and z m (φ) represent the desired signal and the weak noise vectors of the direction φ, respectively [16] , [17] . Besides, we can find
where z (ab) m (k) is the zero-mean AWGN with variance
where g, h ∈ Z, as the correlation function between two samples in the training symbol. We can express ζ gh as
is the correlation function of the disperse component µ
Remark 3:
The function γ can be further computed as
where f Define
The corresponding PDFs of y
Utilizing the correlation properties of samples in the training symbol, the log-likelihood function of the samples y (k) 1 and y
Since the log-likelihood function 1 (ε (b) a ) varies with M , we discuss four cases of M as follows: 1 
1) M = 2:
we can obtain
2) M = 3: we can obtain
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By maximizing the log-likelihood function 1 (ε (b) a ) , the Doppler shift can be estimated aŝ
Clearly, the solution to (46) can be computed through onedimensional grid search.
C. EESBE
Practically, if the receiver in the mmWave system on HSR accurately obtains and utilizes the correct a priori knowledge about the Doppler shift at the location x, the estimation accuracy can be further enhanced. Assume ε
and σ 2 R are provided by RBE as a priori knowledge. Our EESBE estimates the Doppler shift aŝ
where f y
and p ε 
.
where q ≥ 2. Similar with the discussion of four cases of M , we can obtain four different situations for I ESBE , (53), as shown at the bottom of this page. For EESBE, the CRLB is influenced by RBE and ESBE. It can be derived as
where I EESBE = I ESBE + 1/σ 2 R .
V. SIMULATION RESULTS
In this section, simulation results are provided to verify the estimation performance of our algorithms in terms of MSE. We refer to [15] and [18] for the basic mmWave system parameter configuration listed in Table 3 . Fig. 4 compares the MSE performance of EESBE and MAPE [8] versus SNR with different variances σ 2 R . We set M = 2, L = 144 and P (ab) LoS = 0.95. It can be readily checked from Fig. 4 that the MSEs of the two estimators witness a downward trend when the parameter σ 2 R decreases or the SNR increases.
, M = 2q 5 illustrates the MSE performance of our proposed three Doppler shift estimators versus SNR. For comparison, we also plot the MSE curves of CPBE [5] , TBE [6] , BLUE [7] and MAPE. We set M = 2, L = 144, P among all six estimators. As expected, the MSEs of ESBE and EESBE approach to their respective CRLBs.
In Fig. 6 , we present the CRLBs of ESBE and EESBE versus the fragment number M . We choose M = 2 n (n = 2, · · · , 8) and σ 2 R = 10 −5 . As observed in Fig. 6 , the MSEs of ESBE and EESBE decrease consistently with enlarging M . Moreover, the MSEs reduce with the SNR or the power of the LoS path P (ab) LoS increasing. As expected, the CRLB of EESBE is less than that of ESBE.
VI. CONCLUSION
In this paper, three Doppler shift estimators for mmWave communication systems on HSRs were proposed. Firstly, an RBE that applies the MAP principle was suggested. Secondly, we described an ESBE, which divides the effective part of the training symbol into M (M > 1) equal fragments and estimates Doppler shifts via the ML principle. Finally, an EESBE that utilizes the results of RBE as a priori knowledge was proposed. Furthermore, we derived the corresponding CRLBs to illustrate the estimation performance of our proposed algorithms. Simulation results proved that our Doppler shift estimators could outperform existing methods in mmWave communication systems on HSRs. He has authored or co-authored six books and 140 scientific research papers, and holds 26 invention patents in his research areas. His research interests include the research and applications of orthogonal frequency-division multiplexing techniques, high-power amplifier linearization techniques, radio propagation and channel modeling, global systems for mobile communications for railway systems, and long-term evolution for railway systems.
